In a previous laboratory experiment, water velocity had a strong negative effect on periphyton δ 13 C and δ 15 N, probably reflecting the effect of flow on boundary-layer exchange. To determine whether similar patterns could be detected in situ at different spatial scales, we examined several reaches, each with a wide range in water velocity and chlorophyll standing stock. Periphyton samples were uniform in composition, composed predominantly of living and dead diatoms of very few species. δ 13 C signatures were more variable (-17.7‰ to -31.5‰) than δ 15 N signatures (-0.4‰ to 5.7‰). Velocity and chlorophyll were significant predictors of periphyton δ 13 C within reaches, mainly at medium scales (10-500 m) where persistent alternations between fast and slow current (riffles-runs-pools) produced inverse fluctuations of periphyton δ 13 C. However, none of the variability in δ 15 N could be explained, possibly a result of severe boundary-layer N depletion. Similarly, the velocity and chlorophyll predictors could not explain the amongreach signature differences for either isotope. δ 13 C signatures tended to be 13 C-depleted in the tributary streams and 13 C-enriched in the downstream reaches.
Introduction
In recent years, stable isotopic signatures have become an essential ecological tool due to both their ability to reflect trophic dynamics and their importance as source indicators to provide spatial information about physical and biological processes. Interpreting stable isotopic signatures in food web studies requires understanding of the factors that contribute to spatial variability in primary producer signatures, including both the variability in fractionation relative to primary nutrient sources and the biogeochemical factors that influence nutrient signatures. In river systems, there is a complex interplay of these two factors operating at different spatial scales that makes consumer signatures even more challenging to interpret (Finlay et al. 1999 (Finlay et al. , 2002 Finlay 2004) . In a laboratory experiment, Trudeau and Rasmussen (2003) have shown that both 13 C and 15 N fractionation by benthic algae increase with water velocity, although the effect on δ 13 C was much stronger. Finlay et al. (2002) found very similar results in a field study where they compared δ 13 C and δ 15 N signatures of benthic algae taken from riffles vs. pools. Reduced fractionation under low velocity likely results from nutrient depletion in a stagnant boundary layer, and high velocities likely prevent this from occurring. Moreover, thin diatom films had more negative δ 13 C signatures than more dense communities dominated by filamentous green algae under the same velocity conditions, indicating that the thickness of the algal mat (chlorophyll standing stock) might interact with water velocity to influence signatures, both through its physical presence in the boundary layer and by enhancing the uptake rate of nutrients by the biofilm. Recent studies have provided strong support for both the velocity and the chlorophyll effect. Singer et al. (2005) showed that under highly fluctuating velocities, periphyton δ 13 C signatures strongly reflected flow histories over several weeks, and Hill and Middleton (2006) have shown that the buildup of chlorophyll standing stock over time on artificial substrates enriched periphyton δ 13 C signatures. Signature effects resulting from boundary-layer effects on fractionation can also be traced up the food web. Finlay et al. (1999 Finlay et al. ( , 2002 were able to discriminate δ 13 C signatures of fish and invertebrates from pools and riffles and used these to trace food web interactions. Rasmussen (2003, 2006a) found that premigratory juvenile brook trout, which occupy faster water habitats than residents, also had more depleted carbon signatures than residents.
Although our controlled laboratory study generated patterns on a small spatial scale, where velocity was regulated and light and water source were kept constant, the present field study was conducted to examine in situ patterns of δ 13 C and δ 15 N in the Ste. Marguerite River (SMR), where many factors are varying simultaneously. Although flow conditions change gradually along the SMR from reach to reach, each section of the river has sections where flow alternates between fast (riffles) and slow (pools) velocity. By sampling periphyton communities along these gradients of velocity, as well as across the river, we hoped to generate a data set of periphyton δ 13 C and δ 15 N signatures that would allow us to model the relationships of signatures to velocity and chlorophyll standing stock across a range of spatial scales and determine how much of the spatial variation in isotopic signatures along the course of the river could be explained by these variables.
We expected that periphyton from river sections with persistent fast currents would have significantly more 13 C-and 15 N-depleted signatures than sections with persistent slow currents. In addition, we hypothesized that high chlorophyll standing stock should result in enriched signatures due to both enhanced nutrient flux and reduced boundary-layer exchange resulting from the thicker biofilm. Because the river exhibits velocity gradients through several different mechanisms that operate on different scales, we tested the hypothesis on (i) a local scale (<10 m), where cross-sectional gradients in velocity predominate, (ii) a medium scale (10-500 m), where alternating pool-run-riffle patterns occur, and finally, (iii) a larger scale (>500 m), where some reaches are steeper and have faster average current speeds than others.
Materials and methods

Study area
The study area was the Ste. Marguerite River system in the Saguenay region, Quebec, Canada (Fig. 1 ). This river, with its two major branches, drains a 1800 km 2 area (runoff coefficient 600 mm; Fisheries and Environment Canada 1978) , receives 1140 mm of precipitation annually, 30% of which falls as snow, and delivers an average discharge of 30.3 m 3 ·s -1 (Good et al. 2001) . Peak discharges are generally associated with the spring melt and exceed 100 m 3 ·s -1 during late April through May; minimum flows occur during July and August and are usually <20 m 3 ·s -1 (Good et al. 2001 (Lachance et al. 1988) , and nutrient concentrations, although its values for total N and P are above the median values for Shield streams given by Grenier et al. (2005) .
Many streams feed the river and there are no polluting industrial sources within the drainage system or recent impacts of clear-cut logging operations. Because we had limited road access to much of the river, we performed detailed sampling in a total of eight reaches: five in the main branch of the river, one in the northeast branch, and one in each of two easily accessible tributaries. The term reach, as we apply it, has no definitive meaning in terms of hydrology or river geometry. By reach, we simply refer to a river or tributary section composed of a series of nearby sites encompassing a series of pool-run-riffle sequences. The names applied to the reaches we studied are traditional names used by salmon guides. The river reaches were up to a few kilometres in length, whereas tributary reaches were only a few 100 m in length. The five reaches in the main branch are listed in order from downstream to upstream in Fig. 1 . Bardsville (BA) is a wide section (>40 m) with no canopy cover. Just upstream, Grande Rapide (GR) is similarly wide with no canopy cover but is steeper with many boulders. Further upstream, Big Pool (BP) and Onesime (ON) are 10 and 20 km, respectively, upstream of GR. These reaches are narrower (10-20 m), with small trees and shrubs along both banks. The upstream-most section sampled, Cascade (CA), was the narrowest (≈10 m), shallowest, and fastest reach, with well-treed banks and more canopy cover than any other reach on the main river. The stream reaches Epinette tributary (EPT) and Big Pool tributary (BPT) are very narrow (on average 4 and 2 m wide, respectively) and shallow with a continuously high percent canopy cover. Although a canopy cover is present, it should be noted that this is a boreal forest region with a history of logging and contains no tall coniferous or deciduous trees. Consequently, none of the streams is shaded to anywhere near the same extent as first-and second-order streams in beech maple forests further south. Moreover, periphyton growth is always abundant in these streams. The NE reach is situated in the northeastern branch of the river below the falls. This reach is typical of the lower section of the river, which has no canopy cover, a gentle slope, and silty gravel. Some periphyton samples were also taken from the lower river (LR), near its mouth. This section was not sampled consistently, as it was not possible to locate sites with a wide spectrum of flow velocities. However, a few samples were taken in this rich silty clay section for comparison with results from the NE reach.
Species collected
Periphyton samples were examined microscopically and found to be very uniform and composed mainly of living and dead diatoms, mainly Tabellaria spp., Eunotia spp., Navicula spp., Synedra spp., and Gomphonema spp. At the time of sampling, almost no green filamentous algae (Chlorophyta) was found in the river and associated streams. Some species were found in low proportion in a few samples (Tetraspora spp., Bulbochaete spp., Draparnaldia spp., and Ulothrix spp.). A few species of cyanobacteria also accounted for a small propor- , assuming pCO 2 = 3.7 × 10-4 atm) following Stumm and Morgan (1996) tion of the communities (Gloeotrichia spp. and Phormidium spp.). Although some fine particulate detritus (mostly leaf fragments) and conifer pollen grains were often present in periphyton samples, and these were not removed, their contribution to mass would have been negligible, and there was little doubt that the measured periphyton signature did not include a significant proportion of terrigenous material. Although it is possible that some of the dissolved organic matter being used by bacteria within the periphyton community may be of terrestrial origin, their biomass is still being formed in situ and can be considered autochthonous in that sense.
Water velocity measurements
In every reach, 7 to 15 sites (cross sections) were chosen according to their overall water velocity: pool (<0.1 m·s -1 ), run (0.1-0.3 m·s -1 ), or riffle (>0.3 m·s -1 ). Consecutive sites within a reach were always different in terms of overall water velocity. Reaches varied in length and were generally ≈300 m in the tributary streams, where sites were closer together, and up ≈2 km in the river. Our sampling locations did not exceed 70 cm in depth, and rock sizes varied from 5 to 30 cm in diameter. Within each site, three different water velocities were measured using a Gurley pygmy current meter (625DF8N, wading rod suspended pygmy-type current meter outfit with model 1100 digital indicator; Gurley Precision Instruments, Troy, N.Y.). Water velocity measurements were taken 1.5 cm above the surface of the periphyton layer and in the middle of a 0.1 m 2 surface area delimited by a quadrat of the same size. The rocks exposed to the surface within the sampling quadrat were removed, and periphyton were completely washed off the rocks with a brush and a known volume of water. A subsample of this water-algae mixture was filtered using Whatman 47 mm glass microfibre filters and kept in the dark for subsequent chlorophyll a analysis. Another subsample was kept for stable isotopic analysis. All samples were frozen at -20°C until analysed. δ 13 C and δ 15 N have been reported to vary seasonally (Doi et al. 2003; Finlay 2004) . Although preliminary analyses had failed to detect differences between early-and late-summer isotopic signatures, to avoid possible biases due to small temporal isotopic variations and changes in the water level, all reaches were sampled over a 3-week period during midsummer (July), when productivity is the highest. Sampling of individual reaches took no more than 2-3 consecutive days during which the water level stayed fairly constant (approximately ±2 cm).
Sample analyses
Stable isotope analyses
All samples of periphyton were oven-dried, pulverised, and placed into tin capsules. Stable C and N isotopic analyses were performed by mass spectrometry (Finnigan-Mat DeltaPlus continuous flow isotope-ratio mass spectrometer coupled to a Carlo-Erba elemental analyser online; G.G. Hatch Isotope Laboratories, University of Ottawa, Ottawa, Ontario, Canada, and GEOTOP Laboratory, University of Quebec in Montreal, Quebec, Canada). The analytical precision of these apparatus is typically 1 standard deviation (SD) for C and N and is in the range of 0.05‰ to 0.2‰, which is small relative to the range of values found in nature (Kendall and Caldwell 1998 
where R is the ratio of 13 C to 12 C or 15 N to 14 N, and the standards are Pee Dee Belemnite limestone and atmospheric nitrogen for C and N, respectively. The units are in parts per thousand (‰).
Chlorophyll a analysis
Chlorophyll a was extracted for 24 h from each periphyton sample using 95% acetone. Chlorophyll a concentrations (expressed in mg·m -2 ) were then measured by spectrophotometry (Parsons et al. 1984) , because microalgal chlorophyll a concentration is a good indicator of microalgal biomass (Wetzel and Likens 2000) .
Data analyses
Descriptive statistics (mean, standard deviation) were calculated for periphyton δ 13 C and δ 15 N, water velocity, and chlorophyll standing stock for each of the eight study reaches. Within each reach, linear regressions were calculated, and the parameters were compared among reaches. Using analysis of covariance (ANCOVA; general linear model in JMP-IN ® , SAS Institute Inc., Cary, North Carolina), we then analyzed the effect of velocity and chlorophyll standing stock on periphyton signatures at the local scale (<10 m), at the intermediate averaging scale within reaches (10-500 m), and at the large scale encompassing entire reaches (>5 km).
Allocating total and explained variance to different scale intervals
Because gradients in velocity can exist both across the river and along the river at different spatial scales, we attempted to partition total variance and variance explained by the test variables velocity and chlorophyll standing stock into increments reflecting different spatial scales. These analyses of scale effects were carried out on the main branch, where sampling was most intensive, and involved two different procedures. (i) The first was data smoothing, which combined individual periphyton samples (0.1 m 2 ), and the velocity and chlorophyll measurements taken with them, into groups of samples located within 10 m (site means) and 500 m of each other along the river, and calculating the average for each variable for each of these groupings. In a few cases, sites belonged to more than one grouping, but no groupings that shared more than half of their sites, were counted in these analyses. Variances among each of these groupings were then calculated for each variable, and the explanatory power of the predictors and the categorical REACH effect in each ANCOVA analyses were determined for all of the grouped data sets. (ii) In the second, variables were standardized with respect to specific scale means by subtracting the scaled group means from each data point. By combining the smoothing and the standardization procedures, increments of total and explained variance were estimated for three intervals of spatial scale: (1) local scale (<10 m) that mostly reflect cross-sectional variation at a point in the river), (2) medium scale (10-500 m), the scale at which river meanders produce large velocity gradients associated with alternating pool-run-riffle sequences, and (3) large scale (>500 m), where variations in bed slope, channel width, and depth can give rise to velocity variations. For the analysis of local-scale effects, data from each individual sampling location were standardized to site averages by subtracting the site mean from each data point at that site. For the analysis of medium-scale effects, site average values were standardized to 500 m group averages. Finally, for the analysis of large-scale effects, 500 m group averages (unstandardized) were used for each variable.
Results
Water velocities ranged from 0 to 1.27 m·s -1 , which spans the range normally encountered in rivers and streams (Table 2 ). Although the range was large in all reaches, mean velocities differed among reaches, with the fastest currents recorded in the steep, narrow upper reaches of the main branch (CA and ON), and slower currents recorded in the wider, less steep sections downstream. The lowest mean velocities were found in the small tributary EPT. Chlorophyll standing stock ranged from 0.3 to 31.1 mg·m -2 , and both variables were highly variable within each reach ( Table 2 ). The highest mean chlorophyll was in the NE branch, and the lowest means were in the steep upstream sections of the main branch. Periphyton δ 13 C varied from -31.5‰ to -17.7‰ over all the reaches, and within-reach variability was also high, with ranges between 3.6‰ and 7.8‰. All reaches in the main branch, as well as the BPT reach, had similar mean δ 13 C between -25.3‰ and -26.7‰. The EPT reach had the most negative δ 13 C mean (-29.7‰ ) and the smallest range, whereas the NE reach had the least negative δ 13 C mean (-21.0‰) and the largest range. The mean δ 15 N of individual reaches were very similar and varied from 1.1‰ to 3.1‰, with the highest values recorded in the lower section of the river (NE and LR).
Periphyton δ
13 C and δ 15 N versus velocity and chlorophyll standing stock Within reaches, water velocity and periphyton δ 13 C (site means) tended to oscillate inversely along the pool-runriffle sequences (Fig. 2) ; thus when water velocity was high, δ 13 C was low and vice versa. Within each reach, the δ 13 C versus velocity regressions were highly significant (p < 0.002) (Fig. 3) . The intercept values differed among reaches, ranging from -29.1‰ in EPT to -19.8‰ in the NE branch. The intercepts tended to vary in the same direction as the reach means. The reach-specific δ 13 C versus chlorophyll regressions ranged from highly significant (p < 0.001) in ON, BP, and the NE branch to nonsignificant in EPT and GR (Fig. 4) . The most significant of these relationships were curvilinear, requiring a quadratic fit with negative secondpower term. Because chlorophyll standing stock tended to decline slightly with increasing velocity (Fig. 5) , the interaction term log(chlorophyll a·velocity -1 ) also yielded highly significant regressions in each reach (Table 3) . For most reaches, multiple regressions containing velocity and chlorophyll a terms were significant. The multiple regressions were not significantly improved by power or logarithmic transformation of the variables, or by the inclusion of second-power (quadratic) terms for chlorophyll and interaction terms together with velocity and chlorophyll a. Having verified that velocity was an excellent predictor of periphyton δ 13 C within reaches and that chlorophyll was at least significant in most reaches, we tested these predictors together on the entire data set using an ANCOVA with REACH as the categorical variable (Table 4 ). The latter ranged from -4.29 to +4.04 above the mean response of -26.15 (BA) around which the ANCOVA is centered. Both predictors, velocity (t value = -10.7) and chlorophyll (t value = 9.8), were highly significant in the presence of the categorical variable REACH, which explained the baseline differences in signatures between reaches not explained by velocity and chlorophyll. This model explained 85% of the variance in periphyton δ 13 C across the entire data set. Although the slopes of periphyton δ 13 C vs. velocity and chlorophyll obtained in reach-specific regressions were variable, interaction terms (velocity × REACH and chlorophyll × REACH) were not statistically significant. Although significant differences among reaches were present for periphyton δ 15 N, none of the variation either among or within reaches could be explained by water velocity or chlorophyll or any interaction between them. Of the seven reaches (note that CA samples for δ 15 N were lost), only BPT showed a barely significant positive, rather than a negative, linear regression with velocity. Of the six nonsignificant relationships, half were positive (BA, GR, and ON) and half were negative (BP, EPT, and NE).
Distinguishing small-scale from medium-scale effects
Variance in periphyton δ 13 C increased with spatial scale, but the greatest proportion explained (70%) was at the medium-scale increment (10-500 m) (Table 5 ). This reflects the response to the variability in velocity imposed by the pool-run-riffle sequences linked to the river meanders. At the local scale (<10 m), the explanatory power of the predictors was much weaker (12%). Although the total variance was much greater at the larger scale, it was not explainable by velocity and chlorophyll, indicating that this large-scale variance is most likely due to hydrological and (or) biogeochemical differences among reaches.
The spatial pattern in δ 13 C observed at the medium scale and the associated changes in water velocity across poolrun-riffle sequences are illustrated in Fig. 2 , where δ 13 C (site means) are plotted alongside water velocity against distance for three representative main river reaches and a stream tributary. Each oscillation in water velocity is clearly linked to an inverse oscillation in δ 13 C. The sequence of alternation between fast and slow water takes place over scales of a few hundreds of metres in the main river reaches and a few tens of metres in the stream tributary, and averaging at larger scales largely smooths them out. Thus the scale at which the predictors explain the greatest proportion of variance in δ 13 C (Table 5 ) corresponds to the spatial scale of the pool-runriffle alternation sequence along the river.
Discussion
A number of factors have been proposed to influence periphyton δ 13 C signatures, including water velocity (Finlay et al. 2002; Trudeau and Rasmussen 2003; Singer et al. 2005) , chlorophyll standing stock (Hill and Middleton 2006) , DIC concentrations and signatures (Finlay 2001 (Finlay , 2004 , temperature (Hill and Middleton 2006) , and light (MacLeod and Barton 1998). This study of spatial patterns in the SMR shows that water velocity and chlorophyll standing stock are both highly significant predictors of within-reach variability in periphyton δ 13 C, but that among-reach variation is more likely related to other factors that were not measured. The most plausible explanation for the among-reach differences is that the δ 13 C signature of the DIC becomes gradually enriched downstream, as a result of a combination of factors including atmospheric signature equilibration, degassing of excess CO 2 , and the effects of instream processes such as isotopic fractionation by periphyton (Finlay 2003) .
This trend is similar to the upstream-downstream trend in periphyton δ 13 C reported by other authors (Doucett et al. 1996; Finlay 2001) . The effects of temperature and light were not examined during this study but may also have contributed to unexplained variability in our models. Although our study supported the importance of previously hypothesized factors, the analysis showed that their explanatory power depended greatly on the spatial scale of analysis.
Effects of velocity and chlorophyll on small-and medium-scale variation in δ 13 C Analyses based on smoothing and standardization of variables indicated that the explanatory power of velocity and chlorophyll was very low at the local (cross-sectional) scale (12%), despite the considerable amount of variance present at that scale in both the dependent and independent variables. The explanatory power of the predictors was by far the highest at the medium scale (>70%), reflecting the important contribution from the alternating pool-run-riffle sequences associated with the river meander. The inability of the predictors to explain periphyton δ 13 C signature variation at the large scale was likely a result of the signature variation associated with the pool-run-riffle alternations having been smoothed out, leaving mainly among-reach variance related mostly to source signature and not velocity or chlorophyll.
The reason why the velocity gradients, formed along the river through pool-run-riffle sequences, correlate much better with periphyton δ
13
C than with local cross-sectional velocity gradients, which are often just as large, probably lies in the persistence of the gradients in time. Periphyton δ 13 C signatures become gradually enriched over weeks to months as the standing stock builds up (Hill and Middleton 2006) . Singer et al. (2005) have shown that under fluctuating velocity, flow history is a much stronger predictor of periphyton δ 13 C signature than flows measured at a snapshot in time. This means that changes in the flow regime, caused by rises and falls in the water level during the growing season, may alter the water velocity at different points on the cross-sectional gradient to a much different degree. For example, samples taken at low water near the stream bank will be associated with much lower velocities than samples taken 10 m closer to midstream. However, if the water level rises by 50 cm, both sites would likely be far from the bank and their velocity regimes might be nearly the same. Thus, velocities measured only once may poorly reflect the flow history at any given site. On the other hand, sampling stations in a riffle should always be in a faster current regime than stations within a pool, even though both will experience increases and decreases in current speed as the river rises and falls. It is likely the consistency of the relative gradient that results in strong correlations between measured flows and signatures.
Large-scale patterns in periphyton δ 13 C Steeper upstream reaches in the main branch with fastest mean current velocities and low mean chlorophyll (CA and ON) were expected to exhibit lighter periphyton δ 13 C signatures than slower downstream reaches with higher chlorophyll standing stock, yet this was not observed. The only evidence that could support the effect of velocity on amongreach δ 13 C differences was the strongly enriched signatures found in the lower portion of the NE branch, a reach with lower than average velocity and high chlorophyll levels. On this basis, the low velocity and high biomass in EPT should have produced heavy signatures, but instead, EPT periphyton had the most depleted C signatures of all the reaches. Because there were no significant relationships between the reach means of δ 13 C and those of velocity, periphyton biomass, or their interaction terms, there is no statistical basis for among-reach differences being attributable to velocity or chlorophyll standing stock. However, only eight reaches were studied and it is possible that some significant effects may have been detected with greater statistical power.
Differences in mean periphyton δ 13 C and intercepts between reaches most likely reflect reach-specific signature values of the DIC sources assimilated by the algae (Finlay 2004) , and the most likely sources of these differences are atmospheric signature equilibration, degassing of excess CO 2 , and the effects of in-stream processes such as isotopic fractionation by periphyton (Finlay 2003) .
The EPT stream, with its mean of -29.7‰, had the most depleted periphyton δ 13 C, which is typical of small headwater streams and likely reflects the influence of soil weathering processes on the isotopic signatures of DIC (Boutton 1991; Finlay 2003) . In the main branch, mean periphyton δ 13 C estimates were fairly similar from one reach to another (-25.3‰ to -26.7‰ ). The signatures recorded in the BPT stream were not significantly more depleted than those of the five main branch reaches, probably because this reach was at a low elevation and not far upstream from its mouth. In the lower reaches of the Table 3 . Reach-specific regression models predicting periphyton δ 13 C from velocity and chlorophyll a (Chl a) and their interaction term log(Chl a·velocity -1 ) (dependent variable δ 13 C).
SMR, mean signatures were the most enriched, and this signature gradient continues seaward into the brackish waters of the Ste. Marguerite Bay, where δ 13 C signatures are -16‰ to -18‰, and out into the marine waters of the Saguenay Fjord, where δ 13 C signatures are -12‰ to -15‰ (Morinville and Rasmussen 2006b).
There are also a number of other variables not measured in this study that might have affected the isotopic signatures observed and thereby contributed to residual variance in our models. Although shading by shoreline vegetation is minimal along the main river, the light regime may have affected the periphyton signatures and standing stock within the smaller tributaries. Two previous studies (MacLeod and Barton (1998) and Wienke and Fisher (1990) ) had detected more enriched δ 13 C signatures at well-illuminated sites. The effect of chlorophyll might also be underestimated if periphyton had been recently abraded by spates (Hill and Middleton 2006) or heavily grazed upon by benthos (Feminella and Hawkins 1995; Steinman 1996) . We do not have the data to test it, yet it would be useful to examine possible effects of grazers on periphyton signatures. Differences in algal photosynthetic mechanisms can also affect primary producer δ 13 C (Fogel et al. 1992 ). Fry and Wainright (1991) have shown that cell size influences marine phytoplankton δ 13 C. Species composition has also been suggested to increase epiphyte δ 13 C variability (Osmond et al. 1981) . Therefore variability in the composition of the benthic community might have contributed to residual variability in our models.
Explained variability: δ 15 N versus δ 13 C In most reaches, the variability of δ 15 N was much less than that of δ 13 C, in many cases less than half. The variation of δ 15 N was about the same as the residual variation of δ 13 C after velocity and biomass were accounted for. This could suggest that it is the greater responsiveness of δ 13 C fractionation to boundary-layer effects (caused by flow and the periphyton buildup) that makes it more spatially variable than δ 15 N. Although such velocity and biomass effects on δ 15 N were not detected in this field study, we did detect a significant velocity effect on periphyton δ 15 N in our laboratory experiment. Moreover, Finlay et al. (2002) , in their field study on a California stream, also found a relationship between algal δ Vis et al. 1998) , which was the source of the water used in our laboratory velocity experiment (Trudeau and Rasmussen 2003) . However, we were not able to test this hypothesis directly because we did not measure the δ 15 N signature of the DIN in either the water column or the boundary layer.
An alternative explanation for our inability to explain δ 15 N variation with the hypothesized predictors could be local variability in the N source signature from groundwater. Although highly heterogeneous N signatures in surface water and groundwater, of sufficient magnitude to override the velocity and biomass effects, have often been observed, they are usually anthropogenically induced and not seen in pristine areas such as the SMR (Heaton 1986; Cabana and Rasmussen 1996) . This combined with the overall low withinreach variability of periphyton δ 15 N makes this explanation doubtful.
Implications of spatial variation in periphyton signatures for food web studies
The pattern of spatial variation of periphyton stable isotope signatures may be passed on to consumers and potentially provide important information about either habitat factors (e.g., velocity or benthic productivity) or spatial information about consumer resource interactions. For example, Finlay et al. (2002) found different C and N signatures for invertebrates sampled in riffles than in pools, which allowed them to infer the feeding locations of both invertebrates and fish. Furthermore, enrichment of periphyton signatures in pools allowed separation of pool periphyton signatures from terrestrial detritus signatures. Morinville and Rasmussen (2003) were able to detect δ 13 C signature differences between juvenile anadromous brook trout trapped during their outmigration and resident fish that remained behind. This signature difference indicated that the premigrant fish might be occupying faster water habitats than similar-aged residents, which was subsequently confirmed in a habitat study (Morinville and Rasmussen 2006a) . In situations where the scale of movement of consumers is large (e.g., juvenile Atlantic salmon (Salmo salar)) and the consumers feed on invertebrates grown in pools, as well as in riffles, the consumer might be expected to average across and "smooth out" the variation spectrum of its resources. Although this type of smoothing tends to blur the signal of the environmental factors operating on the resources, it can potentially provide important information about the spatial scale of movement exhibited by the consumer, and we might expect to see variation further reduced at higher trophic levels if the scale of spatial averaging increases with trophic level. If in addition to riffle-pool differences there are largescale patterns, such as the upstream-downstream gradient in periphyton δ 13 C signatures seen in this study (see also Finlay 2001; Doucett et al. 1996) , this could provide useful spatial information about higher trophic levels. For example, the signatures of outmigrating salmon smolts might link them to the river section in which they spent the most time. These are just a few ways in which spatial information contained in periphyton signatures could be useful in studies of higherlevel consumers or in the analysis of the spatial scale of trophic interactions and of resource flows within ecosystems.
Sampling periphyton for stable isotopic signatures: how should the effort be allocated?
Our results indicate that roughly half of the within-reach variance in periphyton δ 13 C is a result of the combination of water velocity and chlorophyll standing stock and their influence on fractionation via the boundary layer. In addition, this variability appears to be generated mostly via the meander-related pool-run-riffle sequences, which are manifested at different spatial scales in different stream systems. Superimposed on this is the even greater among-reach variance most likely attributable to source signature variations resulting from hydrological processes.
Thus, a few samples interspersed throughout the river system will provide a very poor estimate of the overall carbon signature of a river, a tributary, a reach, or even a small section of it. Even our study, which is based on a total of 264 δ 13 C measurements of periphyton from eight reaches of the river system, cannot claim to have produced a very precise estimate of the average δ 13 C signature for this river system. The estimate of within-reach variance for periphyton δ 13 C obtained by pooling all data from this study was 2.67, and the corresponding pooled estimate for among-reach variance was 5.68, approximately twice the within-reach value. Our within-reach means are therefore quite precise; based on an average of 33 samples per reach, we obtain a pooled SE of only 0.3‰ (i.e., (2.67·33 -1 ) 0.5 ). On the other hand, because among-reach variance is much higher (5.68) and we sampled only eight reaches in the study, the pooled SE of our overall mean estimate of periphyton δ 13 C for the whole river remains 0.89‰ (i.e. [(5.68·8 -1 ) + (2.67·33 -1 )] 0.5 ), assuming that within-and among-reach variances are independent and additive.
The among-reach variability was not a problem for our study, as the goal was to examine the relationships to our predictors, which were expressed mainly on a within-reach scale. However, if the goal had been to derive an average estimate of the periphyton δ 13 C for the whole river system, broader sampling rather than intensive within-reach sampling would have been called for. Examples of situations in which larger scale averaging would be necessary are amongriver comparative studies, either linking geochemical patterns to biota or perhaps attempting to link the signatures of anadromous fish otoliths to their river of origin. Any study of food web interactions will require a periphyton signature averaged over the appropriate scale of the consumerresource interaction, which for some fish might be the local pool in which it spent most time. However, for some highly mobile fish, such as juvenile Atlantic salmon, the appropriate scale of signature required might extend well beyond a local reach perhaps to the whole-river scale.
To illustrate the precision gains from allocating sampling effort across many reaches, assume that our within-and among-reach estimates of variance are reasonable and that we had sampled 15 reaches of the river with only seven samples per reach. In this case, we would have obtained a standard error (SE) of estimate of 0.87‰ (i.e., [(5.68·15
-1 ) + (2.67·7 -1 )] 0.5 ), which is approximately the same as what we obtained from more than twice the number of samples (264 vs. 105) . Because the among-reach variance is almost twice the within-reach value for the SMR, any optimum allocation of sampling effort would therefore require sampling about twice the number of reaches as the number of samples per reach. Within reaches, the maximum amount of variance seems to be generated at the 10-500 m scale with pool-runriffle alternations, and thus, optimal sampling effort within reaches would ideally be oriented toward these features.
Although our models did not explain any of the periphyton δ 15 N variance that we measured, our estimates of the average signatures for both the overall river and within reaches were much more precise for this isotope than for carbon, because the δ 15 N variance was six times lower than δ 13 C variance over the whole river system. Again, by pooling all data from the study, for δ 15 N we obtain a within-reach variance estimate of 0.88, which is less than half of the corresponding value for δ 13 C, and an among-reach variance estimate of 0.47, more than an order of magnitude less than the corresponding estimate for δ 13 C. Thus, the SE of our reach means for δ 15 N (based on an average of 29 samples per reach) was 0.16‰, and the overall SE of estimate was 0.3‰ (= [(0.47·7 -1 ) + (0.88·29 -1 )] 0.5 ), which are both much more precise than the corresponding δ 13 C values. Because amongreach variance in this case is about half of the within-reach variance, optimal allocation of sampling effort would entail about twice as many samples taken within each reach as the number of reaches sampled. As no patterns were revealed regarding variability or correlations to other variables, samples could be taken essentially at random within reaches.
